Beneficial modulation of the gut microbiome has high-impact implications not only in humans, 23 but also in livestock that sustain our current societal needs. In this context, we have engineered an 24 acetylated galactoglucomannan (AcGGM) fibre from spruce trees to match unique enzymatic 25 capabilities of Roseburia and Faecalibacterium species, both renowned butyrate-producing gut 26 commensals. The accuracy of AcGGM was tested in an applied pig feeding trial, which resolved 355 27 metagenome-assembled genomes together with quantitative metaproteomes. In AcGGM-fed pigs, 28 both target populations differentially expressed AcGGM-specific polysaccharide utilization loci, 29 including novel, mannan-specific esterases that are critical to its deconstruction. We additionally 30 observed a "butterfly effect", whereby numerous metabolic changes and interdependent cross-31 feeding pathways were detected in neighboring non-mannolytic populations that produce short-chain 32 fatty acids. Our findings show that intricate structural features and acetylation patterns of dietary fibre 33 can be customized to specific bacterial populations, with the possibility to create greater modulatory 34 effects at large. 35
hemicellulose in the secondary cell wall of Norway spruce (Picea abies) 10 . Here, we have utilized 72 controlled steam explosion (SE), followed by ultrafiltration (UF) and fractionation to extract from 73 spruce wood an unadulterated complex AcGGM fibre with a high degree of 2-O-, 3-O-and 6-O-74 acetylations 11 , which is amenable to inclusion in animal feed production. To test (1) if our AcGGM fibre 75 could specifically target Roseburia and Faecalibacterium species within a complex microbiome, and 76
(2) if health benefits could be conferred to the host, we produced diets containing 0%, 1%, 2% and 4% 77 AcGGM and fed semi-ad libitum to four cohorts of twelve weaning piglets. Host and gut microbiome 78 effects were monitored temporally over a 28 day period, and metagenomics used to phylogenetically 79 and functionally resolve the genomes of indigenous microbiota. Finally, quantitative metaproteomic 80 analysis was used to monitor the metabolic and enzymatic response of the different microbiota to the 81 varying AcGGM exposure. This approach deciphered how specific beneficial microbiota can be 82 targeted and metabolically stimulated in complex gut microbiome ecosystems, with broader 83 implications towards the evolving strategy of gut microbiome manipulations. 84
85

RESULTS AND DISCUSSION
86
Steam explosion allows scalable production of highly complex dietary mannan fibres from wood. 87
Spruce galactoglucomannan consists of a backbone of β-(1,4)-linked mannose and glucose residues, 88 decorated with α-(1,6) linked galactose branching's, and a large degree of esterification of the 89 mannose residues by 2-O-and 3-O-, and 6-O-acetylation's 10 (Fig 1a) . A crucial part of this study was 90 the development of an efficient, large-scale extraction process entailing SE as well as ultra-and nano-91 filtration, which ultimately provided high quantities at high purity whilst not damaging the complexity 92 of the AcGGM fibre ( Fig. 1b-c) . A total of 700kg of dry Norway spruce chips was processed using SE at 93 conditions corresponding to a combined severity factor (R'0) of 1.70. We produced 50 kg of 94 oligo/polysaccharides for feed production ( Fig. 1c-e) , with a monosaccharide (Man: Glc: Gal) ratio of 95 4:1:0.6, which was in the form of β-mannooligosaccharides with DP of 2 to 10 and manno-96 polysaccharides (DP of ≥11), and had degree of acetylation (DA = 0.36). This complexity matched the 97 enzymatic capabilities of mannan PULs encoded in human gut Roseburia and Faecalibacterium spp. 4,7 98 and was predicted to match representatives of the same populations that are indigenous to porcine 99 gut ecosystems 12, 13 (Fig. 1f) . 
119
Spruce AcGGM altered the gut microbiome of weaned piglets in a dose-response manner. While 121 pure culture 4 , in vitro 7 and germ-free mice studies containing "mini-microbiota" 4 have shown that 122 varieties of AcGGM can be metabolized by butyrate-producers, we wanted to test the accuracy of 123 AcGGM to elicit a specific response in indigenous representatives of our target populations within a 124 highly complex and competitive environment. To assess the potential benefit of our fibre to the host, 125 we chose to introduce AcGGM to weaning piglets immediately after they transitioned from sow's milk 126 to solid food. Weaning elicits a rapid, diet driven shift in the gut microbiome, which puts the animals 127 at high risk of infection by intestinal pathogens such as enterotoxigenic Escherichia coli and Salmonella 128 enterica 14 . These issues have been exacerbated by the banning of antibiotic use (Regulation No. 129 1831/2003) as growth promoters and prophylactics 15 , meaning there is added urgency to develop a 130 prebiotic compound to improve health and welfare of the animals during this crucial stage of 131 development 16 . In this study, four separate cohorts of twelve weaned piglets were given a pelleted 132 feed semi-ad libitum, which contained either 0% (control), 1%, 2% or 4% AcGGM to additionally 133 determine the level necessary to elicit an effect on both the host and its microbiome. Fecal samples 134 as well as animal health and growth performance metrics were taken before AcGGM administration 135 (when piglets were assigned to pens), and subsequently at days 7, 14, 21 and 27 during the feeding 136 trial. At day 28, the piglets were sacrificed and host gut tissue and digesta samples taken from the 137 entire regions of the digestive tract (duodenum, jejunum, ileum, cecum and colon) for down-stream 138 analysis. Despite widespread changes in the microbiome resulting from AcGGM inclusion, surprisingly 139 no significant effects were observed on the host's physiology, with the average weight, feed 140 conversion ratio, blood cell composition, T cell population, and colon morphology not differing 141 between the control and AcGGM treatments ( Supplementary Fig. 1 , Supplementary Table 1 -2). 142 Spatial and temporal microbiome changes were monitored using 16S rRNA gene analysis over 143 the month-long trial and showed archetypical patterns with structural features of the gut microbiome 144 varying depending on the specific gut region ( Supplementary Fig. 2a ). Inclusion of AcGGM into the piglets feed caused a pronounced shift in the microbiome structural composition from the 21 st day of 146 the trial onwards ( Supplementary Fig. 2b , Supplementary Fig. 3 ). As expected, the AcGGM-effect was 147 more pronounced in the fibre-fermenting distal regions (cecum, colon) of the gut, where the relative 148 abundance of hundreds of phylotypes was observed to change (adjusted p<0.05) in response to 149 varying inclusion levels ( Fig. 2a , Supplementary Table 4 ). Our target butyrate-producing populations 150 produced mixed results, whereby the relative abundance of Faecalibacterium affiliated phylotypes 151 increased in response to increasing levels of AcGGM ( Fig. 2b, Supplementary Fig. 3 
), whereas 152
Roseburia affiliated phylotypes seemingly decreased ( Fig. 2b, Supplementary Fig. 3 ). Reputable fiber-153 fermenting populations affiliated to Prevotella, also showed varying responses, with individual 154 phylotypes increasing from 4% to 12% between the control and 4% AcGGM inclusion in both colon 155 and cecum ( Fig. 2b, Supplementary Fig. 3 ). Interestingly, phylotypes affiliated to non-fibre degrading 156 taxa, such as Catenibacterium 17 and Dialister 18 demonstrated some of the highest dose-dependent 157 increases in relative abundance in response to AcGGM (Fig. 2b) , indicating that other underlying 158 factors are likely dictating microbiome structure, besides fibre degradation. 159 Table 3 ). The metagenomic data was assembled 176 into 355 metagenome-assembled genomes (MAGs), of which 145 had >90% completeness and were 177 considered high quality according to the Genomics Consortium Standards 19 ( Supplementary Fig. 4a ). 178
Phylogenetic relationship of the MAGs were inferred from a concatenated ribosomal protein tree (Newick format available in Supplementary Dataset 1) that were constructed using MAGs from this 180 study and 293 closely related reference genomes. Because our primary goal was to elucidate if our 181 target butyrate-producing populations were activated in response to AcGGM, we conducted 182 metaproteomic analysis on randomly selected colon samples from four control and four 4% AcGGM 183 fed pigs, and mapped 8515 detected protein groups back against our MAG database to identify 184 functionally active populations ( Fig. 3 , Supplementary Table 5 ). Community-wide analysis of the MAG 185 genetic content ( Supplementary Fig. 4b ) from each sample, and distribution of their detected proteins 186 ( Fig. 3, Supplementary Fig. 4c ), further supported our 16S rRNA gene analysis, reiterating that the 187 microbiomes from piglets fed the control and 4% AcGGM diets were distinct. 188
Our MAG-centric multi-omic approach gave clear indications as to what effect the AcGGM fibre 189 had on putative butyrate-producing Roseburia and Faecalibacterium populations in the distal gut of 190 pigs. Ten MAGs clustered with representative Roseburia spp. genomes ( Fig. 3) , which reflected the 191 multiple Roseburia-affiliated phylotypes that were predicted with our 16S rRNA gene analysis. 192 ( Supplementary Fig. 3 ). For the most part, a lower number of Roseburia-affiliated proteins were 193 detected in AcGGM-fed pigs ( Fig. 3) , reintegrating our initial observations that AcGGM negatively 194 affected Roseburia populations ( Fig. 2b) . However, within one specific Roseburia-affiliated (MAG041), 195
we detected a higher number of total affiliated protein groups in the 4% AcGGM pig samples 196 compared to the control (avg=94 v 53, Supplementary Table 5 ). Closer examination of MAG041 197 revealed a putative CE2/CEX-containing mannan-degrading PUL that was absent in the other 198
Roseburia-affiliated MAGs and was differentially expressed in the AcGGM diet ( Fig. 4) . Importantly, 199 the MAG041 mannan PUL encoded gene synteny to the R. intestinalis strain L1-82 PUL we recently 200 biochemically characterized in detail 4 (Fig. 4) . The predicted multi-modular mannanase (CBM27-201 GH26-CBM23) in the MAG041 mannan PUL is homologous to the GH26 in R. intestinalis L1-82 (48% 202 identity over 87% of the sequence), and can be presumed to fulfill the same function -"selfishly" 203 breaking down AcGGM fibres at the cell surf prior intracellular transport. Besides the detection of 204 GH26 and esterases in AcGGM-fed pigs, other mannan-specific enzymes also responded to the dietary 205 shift within the MAG041 mannan PUL, including a phosphoglucomutase, a multiple-sugar binding 206 protein, GH130.1 4-O-β-D-mannosyl-D-glucose phosphorylase and a GH130.2 β-1,4-manno-207 oligosaccharide phosphorylase ( Fig. 4) . In contrast to Roseburia-affiliated MAGs, only one MAG clustered with F. prausnitzii (MAG243, 230 Fig. 3) , inferring that the multiple phylotypes that were predicted with our 16S rRNA gene data 231 ( Supplementary Fig. 3 ) encode high genome similarity and likely co-assembled into a representative 232 population-level MAG. Our metaproteomic analysis predicted that MAG243 was more active in the 233 distal gut of pigs fed 4% AcGGM (avg=32 vs 77 detected protein groups, Fig. 3 , Supplementary Table  234 5), as was its CE2/CEX-containing mannan PUL, which was broadly detectable in the presence of 235 AcGGM but absent in the control samples ( Fig. 4 , Supplementary Table 6 ). While, the MAG243 mannan 236 PUL contained two GH130 manno-oligophosphorylases, a mannose 6-phosphate isomerase, 237 phosphoglucomutase and two carbohydrate esterase (CEX and CE2), it lacked a GH26 mannanase 238 representative, which suggests that F. prausnitzii is likely preferentially targeting the shorter 239 acetylated manno-oligosaccharides that form part of the AcGGM creation ( Fig. 1) . In addition to the 240 mannan-PULs of MAG041 and MAG243 being activated in AcGGM-fed pigs, their butyrate-producing 241 pathway were also detected at high levels, based on label-free quantification (LFQ) scores of detected 242 proteins ( Fig. 5 , Supplementary Table 6 ), suggesting that both populations can convert mannan to 243 butyrate ( Supplementary Table 6 ). Supplementary Fig. 5 ), however aside from MAG041 and MAG243, they originated from 258 populations that were not as metabolically detectable via metaproteomics in any of the control or 259 AcGGM diets (Fig. 3) . Finally, the differential proteomic detection of MAG041 and MAG243 CEs in pigs 260 fed AcGGM diets (Fig. 4) , strengthened our hypothesis that both these populations can accommodate 261 the unique features of the AcGGM fibre and are actively engaging in its utilization in vivo. 262
Despite the apparent specificity of AcGGM, we observed a pronounced "butterfly effect" 264
Besides the activation of specific butyrate-producers that encoded CE2/CEX-mannan PULs, the 265 AcGGM diet also altered protein expression in multiple populations within the distal gut of weaned 266 piglets. For the most part, proteins originating from the fibre-degrading Prevotella were more 267 detectable in AcGGM-fed pigs (Fig. 3) , with MAG191 in particular accountable for the highest levels of 268 detectable proteins in our datasets ( Supplementary Table 5 ). Pathway annotation of abundantly 269
detected Prevotella populations (such as MAG191, MAG196, MAG285, see Fig. 5 , Supplementary 270 Table 6 ) indicated active metabolism of dietary fibres such xylans, starch, cellobiose, α-galactans and 271 mannose sugars as well as acetate, succinate and/or propionate production, which were all detected 272 with higher LFQ scores in AcGGM-fed pigs ( Fig. 5, Supplementary Table 6 ). Several mannan-targeting 273
PULs were identified in Prevotella-affiliated MAGs that were configured in an archetypical 274 "Bacteroidetes-format", which combines outer-membrane transport and carbohydrate-binding 275 lipoproteins (SusC/D-like) as well as CAZymes 20 ( Supplementary Fig. 5a ). In particular, a PUL recovered 276 from MAG196 encoded predicted SusC/D-like lipoproteins, mannanases (GH26, GH5_7), mannosyl-277 phosphorylases (GH130) and an esterase, although neither the mannanases nor the esterase were 278 detected in the metaproteomes recovered from the AcGGM-fed pigs ( Fig. 5, Supplementary Fig. 5 , 279 Supplementary Table 6 ). In addition, we speculate that MAG196 and MAG191 are perhaps capable of 280 metabolizing elements of the AcGGM fibre such as the α-galactose side-chain or deacetylated manno-281 oligosaccharides, which was inferred via detected GH36 and GH130 representatives (Fig. 5,  282 Supplementary Fig. 5 , Supplementary Table 6 ). 283 AcGGM diet, although none were found to encode CE2/CEX-containing mannan PULs (Fig. 2-3, Fig. 5 , 301 Supplementary Table 6 ). However, the MAG048 proteome increased in detection by ~4 fold in 302 AcGGM-fed pigs, which included a putative sugar phosphotransferase system (PTS) and GH1 phospho-303 β-glucosidases (EC 3.2.1.86) that are predicted to catalyze the phosphorylation of di-oligosaccharides 304 (such as cellobiose and mannobiose) and hydrolyze the PTS-transported sugars into D-glucose and D-305 glucose 6-phosphate. Concomitantly, glycolysis and acetate-producing pathways from MAG048 were 306 also highly detected in AcGGM-fed pigs (Fig. 5, Supplementary Table 6 ), suggesting this population is 307 advantageously consuming oligosaccharides that have either been generated via the actions of other 308 fibre-degrading populations or have become available via new ecological niches that have been 309 created via the AcGGM-derived structural shifts in the microbiome. Non-fibre degrading populations 310 also reacted to the AcGGM diet, with both MAG053 and MAG150 predicted via our multi-omics 311 approach to metabolize SCFAs such as lactate and succinate that were generated "in-house" by 312
Lactobacillus-and Prevotella-affiliated populations, and produce butyrate and propionate, 313 respectively ( Fig. 5, Supplementary Table 6 ). 314 315 CONCLUSION 316 Mannan from woody biomass has great potential in functional diets for both human and 317 livestock alike. It is cheap, renewable, does not compete with food sources, and common extraction 318 methods such as SE and UF can be readily adapted to industrial scale production. The AcGGM fibre 319 described here could be produced from forestry by-products such as sawdust or lumber waste, while 320 the solid biomass discarded in this production process contains valuable, steam-exploded cellulose, 321 suitable for inclusion in other processes such as the production of biofuels and platform chemicals via 322 enzymatic treatment and fermentation. 323
Here, we characterize the impact of the AcGGM structural configuration on microbial uptake and 324 metabolism within the distal regions of the digestive tract, with the key driver of AcGGM selectivity 325 being the presence of acetylations of mannan, as well as carbohydrate composition and size 21 . 326
Preserving the complexity of AcGGM resulted in a highly specific, dose-dependent shift in the 327 composition of the colon microbiome from weaned piglets, with no diverse effect on host growth 328 performance or health status. Our integrated multi-omics analysis, showed that the AcGGM fibre 329 activated a metabolic response in specific Roseburia and Faecalibacterium populations in vivo, as it 330 did in the previous in vitro experiments 4,7 , with both populations expressing proteins from highly 331 sophisticated CE2/CEX-containing mannan PULs that are homologous to a biochemically characterized 332 representative in R. intestinalis L1-82. In conclusion, our data provide a foundation for modulatory 333 strategies to design and match custom dietary fibres to unique enzymatic features of their target 334 organisms, although they bring awareness to the fact that the greater network of interconnected 335 metabolic exchanges and trophic structures inherent to the gut microbiome are highly susceptible to 336 minor dietary interventions. 337
DATA AVAILABILITY 339
All sequencing reads have been deposited at the NMBU sequence read archive under BioProject 340 PRJNA574295, with specific numbers listed in Supplementary Table 3 Piglets were fed cereal-based diets containing increasing levels of AcGGM in the diets (1, 2 373 and 4%). Diets were pelleted with a 3 mm diameter feed formulated to meet the requirements for 374
indispensable amino acids and all other nutrients (NRC, 2012). The composition of diets is listed in 375 Supplementary Table 7 . Pigs were fed semi-ad libitum twice a day at a feeding level equal to about 5% 376 of body weight. To evaluate growth performance, the BW of each pig was recorded at the beginning 377 and once a week. Feed consumption were recorded on an individual pig basis during the experiment 378 to calculate individual weight gain and feed intake. After each meal, feed leftovers were registered, 379 dried and subtracted from the total feed intake. 380 381 Production of AcGGM. 382
AcGGM oligosaccharides for the feeding trial were produced from Norway spruce chips milled 383 with a hammer mill to <2 mm size. Wood chips were then steam-exploded on a small pilot scale steam 384 explosion rig (100L reactor vessel) at the Norwegian University of Life Sciences (NMBU). The steam 385 explosion was conducted in batches of approximately 6kg dry matter, 14.5 bar pressure (equivalent 386 to 200° C), with 10 minutes residence time. The pH in the collected biomass slurry after the steam 387 explosion was ~3.7, which corresponds to a combined severity factor R'0=1.70 for the process. The 388 severity was calculated by R′0 = (10 −pH ) × (t × e( Texp−100)/14.75 ) 23 . Steam exploded wood was collected in 389 50 L plastic buckets that were topped up with hot (~70° C) water. The slurry was transferred to a 390 60Lcider press (Speidel, Germany) and the liquid fraction was pressed out. Milled wood was collected, 391 soaked in hot water again, and pressed for the second time. The liquid fraction was collected and 392 recirculated through a bag filter 50µm pore WE50P2VWR (Allied filter systems, England) partly filled 393 with the wood particles as a filter aid. Once free of floating wood particles, the liquid fraction of 394 hemicellulose was filtered through a 5-kDa spiral wound Polysulphone/polyethersulphone 395 ultrafiltration membrane, GR99PE polyester (Alfa Laval, Denmark) that was deliberately fouled to 396 prevent larger oligosaccharides from running through the permeate, using a GEA pilot-scale filtration 397 system Model L (GEA, Denmark). The fraction retained by the membrane was concentrated by 398 nanofiltration using a TriSep XN 45, which had a higher efficiency for permeating water. The filtrate 399 was further concentrated by vacuum evaporation (set to 65 °C) and the concentrate was freeze-dried 400 and homogenized with a grain mill. The final product consisted of 0.9% rhamnose, 2.7% arabinose, 401 13.7% xylose, 58.9% mannose, 14.9% glucose and 9.4% galactose (determined by gas chromatography 402 as alditol acetates after sulfuric acid hydrolysis as described previously 24 ). AcGGM contained 0.73 % 403 ash and 2.4% protein (quantified from total nitrogen by the Kjeldahl method). The Man:Glc:Gal ratio 404 in the mannan was 4:1:0.6, and the DA=0.36 (determined by acetate release from NaOH treated 405 AcGGM by the same method as described in the SCFA section below). The dry matter content was 406 determined by drying 0.2g of sample at 105°C for 20 hours. The remaining sample was burned at 600°C 407 for 24 hours in an oven (Carbolite, Sheffield, England) to determine ash content. All measurements 408 were performed in triplicates. 409 410 Fecal scoring.
During the experiment, fecal consistency was assessed using a scoring system developed by Pedersen 412 and Toft 25 to improve and help standardize current protocols for clinical characterization of fecal 413 consistency. The scoring was based on the following 4 consistency categories: score 1 = firm and 414 shaped, score 2 = soft and shaped, score 3 = loose and score 4 = watery. Samples with score 3 or 4 are 415 considered diarrheic. Daily fecal scores for each pen were recorded throughout the trial. Processing of the data was done with a combination of standalone programs, QIIME 27 492 MOTHUR 28 and the R package Phyloseq 29 . To process the data, the paired end reads for each sample 493 were merged with PEAR 30 , specifying a minimum assembly length 400, maximum assembly length 575, 494 minimum overlap 50, and no statistical test. Then, PRINSEQ 31 version 0.20.4 was used to filter low 495 quality reads by requiring a minimum quality score of 10 for all bases and a minimum mean quality of 496 30. Primer sequences were trimmed in MOTHUR version 1.36.1, and chimeric sequences were 497 identified and filtered out using QIIME version 1.9.1. Next, open reference OTU0.97 clustering 32 was 498 performed with VSEARCH 33 version 2.3.2 and the Silva database 34 release 128 as the taxonomy 499 reference. Then, the QIIME core diversity analyses script was run. Differentially abundant phylotypes 500 were identified in both cecum and colon for the control vs. 4% AcGGM samples using both the 501 MetagenomeSeq fitZIG and DESeq2 negative binomial algorithms via the QIIME wrapper. The OTU 502 table, phylogenetic tree, representative sequences, and taxonomy from QIIME were incorporated 503 along with the sample metadata into a Phyloseq version 1.22.3 object in R for data exploration and 504 visualization. 505 506
Whole Metagenome Sequencing and Analysis
Whole metagenome sequencing was performed at the Norwegian Sequencing Centre on 2 508 lanes of the Illumina HiSeq 4000 to generate 2 X 150 paired-end reads. TruSeq PCR-free libraries were 509 prepared for 12 control and 12 AcGGM (4%) samples from the colon. All 24 samples were run in both 510 lanes to eliminate the potential for lane-specific sequencing bias. FASTQ format files were received 511 from the sequencing center, and prior to assembly, these were quality filtered with Trimmomatic 35 512 version 0.36 whereby TruSeq adaptor sequences were eliminated, sequences were required to have 513 an average quality score above 20, leading and trailing bases with quality below 20 were removed, 514 sequences with average quality score below 15 in a 4-base sliding window were trimmed, and the 515 minimum read length was required to be 36 bases. Individual sample assembly was accomplished with 516 metaSPAdes 36 version 3.11.1. MegaHIT 37 version 1.1.3 was used for co-assembly of all 24 samples 517 together as well as co-assembly of the 12 control samples together and the 12 4% AcGGM samples 518 together. MetaBAT 38 version 0.26.3 was used to bin the assemblies, and dRep 39 was used to 519 dereplicate the multiple assembly and binning combinations to produce an optimal set of MAGs. 520 
